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Abstract: Innovative biomaterial strategies are required to improve islet cell retention, viability, 
and functionality, and thereby obtain clinically successful outcomes from pancreatic islet cell 
transplantation. To address this need, we have developed a peptide amphiphile-based nanomatrix 
that incorporates multifunctional bioactive cues and sustained release of nitric oxide. The goal of 
this study was to evaluate the effect of this peptide amphiphile nanomatrix on the viability and 
functionality of MIN-6 islet cells. Additionally, this study provides insight into the role of nitric 
oxide in islet cell biology, given that conventional nitric oxide donors are unable to release nitric 
oxide in a controlled, sustained manner, leading to ambiguous results. It was hypothesized that 
controlled nitric oxide release in synergy with multifunctional bioactive cues would promote 
islet cell viability and functionality. Nitric oxide-releasing peptide amphiphile nanomatrices 
within the range of 16.25 umol to 130 umol were used to analyze MIN-6 cell behavior. Both 
32.5 umol and 65 umol peptide amphiphiles showed improved MIN-6 functionality in response 
to glucose over a 7-day time period, and the elevated functionality was correlated with both 
PDX- 1 and insulin gene expression. Our results demonstrate that nitric oxide has a beneficial 
effect on MIN-6 cells in a concentration-dependent manner. 
Keywords: nitric oxide, peptide amphiphile, biomimetic, diabetes, beta cells 

Introduction 

Pancreatic islet transplantation is a promising new mode of treatment for type 1 
diabetes. 1 Successful outcomes from pancreatic islet transplantation could lead to 
resolution of the complications associated with type 1 diabetes that lead to mortality 
and morbidity. 2 - 3 However, the potential advantages and clinical successes of pancreatic 
islet transplantation are dependent on development of innovative biomaterial strategies. 
These strategies are required to fulfill the critical needs for success of pancreatic islet 
transplantation by improving islet cell retention, viability, and functionality. In response 
to these needs, peptide amphiphile (PA)-based biomaterials that closely mimic the islet 
cell microenvironment and extracellular matrix proteins have been garnering increasing 
attention. 4-7 Peptide amphiphiles are molecules that consist of a hydrophilic, functional 
peptide sequence coupled to a hydrophobic alkyl tail. 8-10 The amphiphilic nature of 
the molecule drives the self-assembly of PAs into a three-dimensional nanomatrix, 
and inclusion of multifunctional bioactive cues in the functional peptide sequence 
regulate islet cell behavior. 

For this study, we developed a peptide amphiphile nanomatrix that incorporates 
a laminin-derived cell adhesive ligand (Tyr-Ile-Gly-Ser-Arg), a matrix metallopro- 
tease-2 degradable site (Gly-Thr-Ala-Gly-Leu-Ile-Gly-Gln), 9 and a nitric oxide (NO) 
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donor (Lys-Lys-Lys-Lys-Lys) 11 " 14 to provide cells with the 
requisite bioactive cues. Laminin is a major component of the 
islet cell extracellular matrix, and laminin-derived sequences 
have been previously investigated, with favorable outcomes. 15 
Moreover, our previous study showed that the laminin cell 
adhesive ligand, Tyr-Ile-Gly-Ser-Arg, enhances survival and 
function of MIN-6 beta cells, and the matrix metallopro- 
tease-2 degradable site allows for cell-mediated degradation 
of the nanomatrix, thereby promoting cell migration and 
production of native extracellular matrix. 91617 Tunable NO 
release from this nanomatrix has been shown to occur in a 
controlled biphasic manner, with a burst release followed by 
sustained release over a 30-day period. 1112 Previous studies 
of this PA nanomatrix have shown great potential for appli- 
cations in cardiovascular implant devices such as stents and 
vascular grafts. 1 1,13 The nanomatrix can be self-assembled into 
two-dimensional coatings or three-dimensional nanomatrix 
gels. 18-20 It has been shown to promote endothelial cell adhe- 
sion and proliferation 1 112 as well as endothelial progenitor cell 
adhesion and differentiation. 14 Therefore, the nanomatrix has 
the potential to stimulate and support angiogenesis. 

Thus, the goal of this work was to study the effect of the 
NO-releasing PA nanomatrix on the viability and functional- 
ity of MIN-6 beta cells, which have similar physiologic fea- 
tures to islets. 21 The PA nanomatrix is composed of two PAs, 
ie, one PA containing the laminin-derived cell adhesive ligand 
(YIGSR) linked to the matrix metalloprotease-2 degrad- 
able site (GTAGLIGQ) to form PA- YIGSR, and the second 
PA containing a polylysine NO donor linked to the matrix 
metalloprotease-2 degradable site to form PA-KKKKK. PA- 
YIGSR and PA-KKKKK were mixed in a 9:1 molar ratio 
based on previous studies, 1114 and reacted with pure NO to 
form NO-releasing PA, called PA-YK-NO. Self-assembly of 
PA- YK-NO into uniform nanofibers and controlled, biphasic 
NO release have been previously demonstrated. 11 

However, the role of NO in islet cell biology remains a 
source of ambiguity and controversy. The lack of NO donors 
that can release NO in a controlled, sustained manner can lead 
to results that cannot be reliably interpreted. 22 Some studies 
suggest a detrimental role, where NO mediates the inflam- 
matory reaction in response to engrafted islet cells. 23 " 27 This 
has been evidenced by elevated expression of interleukin- 1 (3 
and inducible nitric oxide synthase in regions of pancreatic 
islet allotransplantation. 28,29 

However, some studies suggest that NO stimulates 
insulin production and cell viability. 30 " 33 This would 
suggest that the role of NO in islet cell biology may be 
concentration-dependent. Furthermore, conventional NO 



donors do not provide the islet cells with other bioactive cues 
that promote cell viability and functionality. This study there- 
fore provides the added opportunity of studying the effect of 
controlled NO release on islet cells. We hypothesized that 
controlled NO release in synergy with multifunctional bioac- 
tive cues incorporated into the PA nanomatrix can improve 
islet cell viability and functionality. 

Materials and methods 

Preparation of peptide amphiphiles 

Two peptide amphiphiles, ie, PA-YIGSR [CH 3 (CH 2 ) 14 CONH- 
GTAGLIGQ- YIGSR] and PA-KKKKK [CH 3 (CH 2 ) 14 CONH- 
GTAGLIGQ-KKKKK] were prepared using the Fmoc 
chemistry in the Advanced Chemtech Apex 396 peptide 
synthesizer (AAPPTec, Louisville, KY, USA) and sub- 
sequently were alkylated at the N-termini with palmitic 
acid by a manual coupling reaction for 24 hours at room 
temperature. 18 ' 20 To alkylate with palmitic acid, a mixture of 
o-benzotriazole-N,N,N,N'-tetramethyluronium hexafiuoro- 
phosphate, diisopropylethylamine, and dimethylformamide 
was used, and cleavage and deprotection were achieved using 
a mixture of trifiuoroacetic acid, deionized water, triisopro- 
pylsilane, and anisole (40:1:1:1) for 3 hours at room tem- 
perature. The peptide amphiphiles precipitated in cold ether 
were lyophilized and characterized by matrix-assisted laser 
desorption ionization time of flight mass spectrometry. 

Preparation of NO-releasing 
PA-YK-NO nanomatrices 

As documented in previous work, a mixture of PA-YIGSR 
and PA-KKKKK at a 9: 1 molar ratio was reacted with NO 
gas to generate PA-YK-NO. 1 1 In order to make NO-releasing 
PA nanomatrices, 120 uL of a 0.1% wt stock PA-YK-NO 
solution (pH 7.4) was prepared and dispensed into 48-well 
tissue culture plates (BD Biosciences, San Jose, CA, USA) 
with serial dilutions to make different PA-YK-NOs, ie, 
130 nmol PA-YK-NO, 65 umol PA-YK-NO, 32.5 urnol 
PA-YK-NO, and 16.25 urnol PA-YK-NO. 

MIN-6 cell culture on PA-YK-NO 
nanomatrices 

MIN-6 cells were received from Donald F Steiner (Howard 
Hughes Medical Institute, Department of Biochemistry, 
University of Chicago, Chicago, IL, USA) with the permis- 
sion of Jun-Ichi Miyazaki (Division of Stem Cell Regula- 
tion Research [G6], Osaka University Graduate School of 
Medicine, Osaka, Japan). MIN-6 cells were routinely expanded 
in 75 cm 2 tissue culture-treated flasks at 37°C in an atmosphere 
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of 95% air and 5% C0 2 . 7 Dulbecco's modified Eagle's medium 
containing 25 mmol/L glucose supplemented with 15% fetal 
bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), 
100 units/mL penicillin (Invitrogen, Carlsbad, CA, USA), 
100 Ug/mL streptomycin (Invitrogen), 100 llg/mL L-glutamine 
(Invitrogen), and 5 J0.1/L (3-mercaptoethanol (Gibco, Carlsbad, 
CA, USA) was used to culture the MIN-6 cells. The cells were 
seeded at a density of 42,000 per cm 2 and incubated for 3 and 
7 days, with plates from 7-day cultivations refilled with fresh 
medium at 3 days. 

Glucose-stimulated insulin secretion 
assay 

To assess MIN-6 functionality in response to glucose, glucose- 
stimulated insulin secretions at 3 and 7 days were performed 
for 2 hours in each condition with 22 mmol/L Krebs- 
Ringer bicarbonate buffer solutions (25 mmol/L HEPES, 
115 mmol/L NaCl, 24 mmol/L NaHC0 3 , 5 mmol/L KC1, 
1 mmol/L MgCl 2 , 2.5 mmol/L CaCl 2 , 0.1% bovine serum 
albumin, and 22 mmol/L D-glucose, pH 7.4). Using an Ultra 
Sensitive Rat Insulin ELISA kit (Crystal Chem Inc, Downers 
Grove, IL, USA), the collected samples were quantified and 
normalized by DNA content to obtain the secreted insulin 
values. The DNA content was quantified using a fluorometric 
PicoGreen DNA kit (Molecular Probes, Eugene, OR, USA) 
with a microplate fluorescent reader (Synergy HT, Bio-Tek 
Instruments, Winooski, VT, USA). 

Caspase 3/7 activity in MIN-6 cells 
cultured on PA-YK-NO nanomatrices 

The caspase activity of MIN-6 cells cultured on four dif- 
ferent PA-YK-NOs was assayed using the Caspase-Glo 3/7 
assay kit (Promega, Madison, WI, USA) to assess cellular 
apoptosis. Briefly, each PA was coated onto a white, opaque 
96-well plate, and MIN-6 cells (42,000 per cm 2 ) were cul- 
tured for 3 and 7 days. At each time point, the cells were 
washed with phosphate-buffered saline, and 100 |iL of fresh 
medium and 100 \iL of the buffered Caspase-Glo substrate 
were added. After 3 hours, the amount of caspase activity 
was evaluated by luminescence (Synergy HT, Bio-Tek 
Instruments). 

Evaluation of cellular behavior 
on PA-YK-NO nanomatrices 

MIN-6 cells were cultured on four different PA-YK-NOs for 
3 and 7 days. At each time point, the media was aspirated, 
and the cells were rinsed with phosphate-buffered saline. 



MIN-6 cell viability for each condition was assessed using 
the Live/Dead Assay Kit (Molecular Probes Inc) consisting 
of calcein AM and ethidium homodimer- 1 . 

Quantitative real-time polymerase 
chain reaction 

Using Trizol regent (Invitrogen), total RNA was collected for 
all samples in each condition at days 3 and 7. For measure- 
ment of insl and PDX-1 gene expression, all samples were 
incubated for 2 hours in the presence of glucose (22 mM) and 
then subjected to RNA extraction. The isolated samples were 
pelleted, dried in ethanol, and resuspended in nuclease-free 
water. DNase treatments were carried out (TURBO DNase, 
Ambion, Austin, TX, USA) before performing quantitative 
real-time polymerase chain reaction. The RNA concentra- 
tion of each sample was measured with an ND-1000 UV 
spectrophotometer (Nanodrop, Wilmington, DE, USA), 
and 1 jig of isolated RNA was then reverse-transcribed into 
cDNA using a iScript cDNA Synthesis Kit (Bio-Rad, Hercu- 
les, CA, USA) according to the manufacturer's instructions. 
All quantitative real-time polymerase chain reactions were 
carried out using a Prism 7000 Sequence Detection System 
(Applied Biosystems, Foster City, CA, USA) with the iQ 
SYBR Green Supermix (Bio-Rad). The primers used in this 
study are described in Table 1, and 18S rRNA was used as 
the internal standard (1 8 s RNA forward: 5'-AGT CCC TGC 
CCT TTG TAC ACA-3', reverse: 5'-GAT CCG AGG GCC 
TCA CTA AAC-3')- The measured values were normalized to 
the internal standard and calculated using the 2~ AMyi method. 
After 18S rRNA normalization, gene expression levels were 
presented as the fold ratio relative to those of the control 
group (tissue culture plate). 

Statistical analysis 

All experiments were performed independently four times, 
and the normalized values for glucose-stimulated insulin 
secretion were expressed as the mean + standard deviation. 
One-way analysis of variance was used to examine for 

Table I Primer sequences for real-time polymerase chain 
reaction 

Primer Sequence (5'-3') GenBank 

identification 

Insulin (insl) NM_008386 

Forward GAA GTG GAG GAC CCA CAA GTG 

Reverse CTG AAG GTC CCC GGG GCT 
PDX-I NM_0088I4 

Forward CGC GTC CAG CTC CCT TT 

Reverse CCA CGC GTG AGC TTT GGT 
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statistical significance. Tukey's multiple comparison tests 
were used to determine significant differences between 
pairs. The statistical analysis was performed using Statistical 
Package for the Social Sciences version 15 software (SPSS 
Inc, Chicago, IL, USA). P < 0.05 was considered to be 
statistically significant. 

Results and discussion 

Evaluation of cellular behavior 
on the four different PA-YK-NOs 

Four different PA-YK-NOs were used for this study, ie, 
130 umol, 65 umol, 32.5 umol, and 16.25 umol (Figure 1). 
A PA- YK-NO was composed of two PAs, ie, an extracellular 
matrix mimetic PA and a NO-releasing PA combined in a 
9: 1 molar ratio. The extracellular matrix mimetic PA, referred 
to as PA-YIGSR, contained a cell-adhesive sequence of Tyr- 
Ile-Gly-Ser-Arg (YIGSR), which has been shown to improve 
MIN-6 cell survival as well as function. Similarly, the NO- 
releasing PA had a NO-donating sequence Lys-Lys-Lys-Lys- 
Lys (KKKKK). Dispensing different concentrations of the 
PA- YK-NO solution, four different PA- YK-NO nanomatrices 
were created and used to evaluate MIN-6 cellular behavior 
in response to NO. All PA-YK-NOs were characterized and 
confirmed to release NO in a physiologically acceptable 
concentration over one month. MIN-6 cells were attached 
and grown with similar cellular behavior in each PA- YK- 
NO nanomatrix (Table 2). Although the average number 
of cells was slightly greater in the control group at 7 days 
relative to the PA- YK-NO substrate groups, all PA- YK-NO 



substrates showed similar growth behavior, with comparable 
cell viability and cell concentrations. MIN-6 cell viability on 
the four different PA-YK-NOs was similar, indicating that all 
the PA-YK-NOs were biocompatible (Figure 2). 

Evaluation of functional behavior on the 
four different PA-YK-NO nanomatrices 

Despite the negative effect on beta cells, recent studies indi- 
cate that physiologically acceptable NO exhibits positive 
effects as well. 22,34 Enhancing several pathways involved in 
insulin gene expression, exogenous NO has been shown to 
stimulate insulin secretion. When cultured on PA-YK-NO 
nanomatrices, glucose-stimulated insulin secretion responses 
(22 mM) for both 3 and 7 days of cultivation were either bet- 
ter or at the same level as the control, indicating that NO in 
low concentrations may have a beneficial effect on the func- 
tionality of MIN-6 cells. Excluding the highest NO dose, ie, 
130 umol PA-YK-NO, all NO-releasing PA nanomatrices had 
beneficial effects on MIN-6 functionality. Additionally, on 
65 umol PA-YK-NO, MIN-6 cells demonstrated the highest 
level of insulin secretion response, with 32.5 umol PA-YK- 
NO having the second best effect over 7 days (Figure 3). At 
3 days, MIN-6 cells showed significantly improved insulin 
functionality on three of the four NO-releasing PA nanoma- 
trices, whereas 16.25 umol of PA-YK-NO did not show an 
initial improved response to glucose. This demonstrates that 
the initial release of NO by the majority of the PA-YK-NO 
nanomatrices stimulates MIN-6 cells to respond better to 
glucose, and indicates that the sustained low NO concen- 
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Table 2 Characterization of MIN-6 cell growth when cultured on 


different PA-YK-NO nanomatrices 






Viability 




Average nil 


mber of cells (xlO 4 ) 


Specific growth 

rate 0*3.7 


3 days 


7 days 


3 days 


7 days 


Control (TCP) 


95.24 ± 0.42 


91.53 ±0.37 


4.I5±0.I6 


20.67 ± 2.00 


0.282 ± 0.003 


16.25 umol PA-YK-NO 


96.23 ± 0.57 


90.57 ± 0.48 


5.46 ± 0.56 


17.31 ±2.67 


0.260 ±0.0 16 


32.5 umol PA-YK-NO 


94.16 ±3.56 


90.33 ± 0.42 


5.27 ± 0.66 


16.47 ±2.68 


0.241 ±0.014 


65 umol PA-YK-NO 


96.33 ±0.56 


90.52 ± 0.22 


5.47 ±0.71 


17.09 ±3.64 


0.218 ±0.026 


1 30 umol PA-YK-NO 


96.20 ± 0.43 


91.20 ±0.58 


5.60 ± 0.73 


19.64 ± 1.27 


0.261 ±0.008 



Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; TCP, tissue culture plate. 
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Figure 2 Representative Live/Dead assay images. 

Notes: (A) 3 days cultivation of MIN-6 cells on a TCP, (B) 7 days cultivation 
of MIN-6 cells on a TCP, (C) 3 days cultivation of MIN-6 cells on a 16.25 (Imol 
PA-YK-NO nanomatrix, (D) 7 days cultivation of MIN-6 cells on a 16.25 (Imol 
PA-YK-NO nanomatrix, (E) 3 days cultivation of MIN-6 cells on a 32.5 (Imol 
PA-YK-NO nanomatrix, (F) 7 days cultivation of MIN-6 cells on a 32.5 (Imol 
PA-YK-NO nanomatrix, (G) 3 days cultivation of MIN-6 cells on a 65 (Imol PA- 
YK-NO nanomatrix, (H) 7 days cultivation of MIN-6 cells on a 65 (Imol PA-YK- 
NO nanomatrix, (I) 3 days cultivation of MIN-6 cells on a 130 (Imol PA-YK-NO 
nanomatrix, and (J) 7 days cultivation of MIN-6 cells on a 130 (Imol PA-YK-NO 
nanomatrix. All scale bars indicate 200 (1m. 

Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; 
TCP, tissue culture plate. 



trations have a positive effect. Increasing exposure to NO 
over time allowed MIN-6 cells to respond to a sustained 
NO dose. PA-YK-NO at 16.25 umol showed an increase in 
insulin secretion at 7 days, whereas the 130 umol PA-YK- 
NO did not show any positive effect on MIN-6 functionality. 
Overall, both 32.5 65 umol and 65 umol of PA-YK-NO had 
improved functionality over time, demonstrating that the 
middle range of PA-YK-NO has the best results regarding 
MIN-6 functionality. 

Quantitative real-time polymerase chain 
reaction gene expression analysis 

Previous studies indicate that a stimulatory effect of exog- 
enous NO relates to the gene transcription factor PDX-1, 
which regulates insulin gene expression. Campbell et al 
found that PDX- 1 upregulated by NO improved insulin gene 
expression, concluding that NO at low levels could play a 
regulatory role on insulin secretion in MIN-6 cells. 33 At 
3 days, relatively higher amounts of PA-YK-NO (130 umol 
PA-YK-NO and 65 (imol PA-YK-NO) showed increased 
PDX-1 gene expression when compared with the control and 
16.25 umol of PA-YK-NO (Figure 4). This upregulation of 
insulin genes in the higher PA-YK-NOs at 3 days indicates 
that an initial sustained release of NO by the PA-YK-NOs 
could have short-term beneficial effects for MIN-6 cells 
(Figure 5). After 7 days, the 16.25 umol and 32.5 umol 
PA-YK-NO nanomatrices showed improved PDX-1 gene 
expression, resulting in a significant increase in insulin gene 
expression (Figures 6 and 7). These results demonstrate that 
the beneficial functional role of NO exerted by the biomi- 
metic NO-releasing PAs resulted from upregulation of the 
PDX-1 gene, which corresponded to the increase in insulin 
gene expression. 

Seven-day observation of the PDX-1 gene and insulin 
gene expression showed a shift from upregulation at the higher 
dose of PA-YK-NOs to upregulation at the lower dose of PA- 
YK-NOs. The expression pattern for PDX-1 and the insulin 
gene explained the functional behavior of the MIN-6 cells on 
the biomimetic NO-releasing PA nanomatrices. While being 
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Control (TCP) 16.25 jimol PA-YK-NO 32.5 jimol PA-YK-NO 65 jimol PA-YK-NO 130 jimol PA-YK-NO 

Figure 3 Glucose-stimulated insulin secretion with Krebs-Ringer bicarbonate buffer {22 mmol/L glucose) of MIN-6 cells on different PA-YK-NO nanomatrices. 
Notes: At 3 and 7 days, MIN-6 cells were subject to glucose insulin secretion assay for 2 hours. Results are expressed as secreted insulin values per DNA. Error bars 
represent the mean + standard deviation for n - 1 2. +P < 0.05 compared with secreted value on day 3 in each condition; §P < 0.05 compared with day 3 control; # P < 0.05 
compared with day 7 control after 7 days of cultivation. 

Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; TCP, tissue culture plate. 



■ Control (TCP) 

□ 16.25 jimol PA-YK-NO 

□ 32.5 jimol PA-YK-NO 

□ 65 jimol PA-YK-NO 




□ 130 jimol PA-YK-NO 



2 2 



■ Control (TCP) 

□ 16.25 jimol PA-YK-NO 

□ 32.5 jimol PA-YK-NO 

□ 65 jimol PA-YK-NO 

□ 130 jimol PA-YK-NO 




Figure 4 Gene expression profile for PDX-I over 3 days. 

Notes: Each value is expressed as the mean ± standard deviation relative to TCP 
(black bar). Significant gene expression is found compared with §TCP control and 
1 1 6.25 umol PA-YK-NO (P < 0.05, n - 1 2). 

Abbreviations: PA-YK-NO, nitric oxide- releasing peptide amphiphile nanomatrix; 
TCP, tissue culture plate. 



Figure 6 Gene expression profile for PDX-I over 7 days. 

Notes: Each value is expressed as the mean ± standard deviation relative to TCP 
(black bar). Significant gene expression was found compared with §TCP control, 
*65 umol PA-YK-NO, and # l 30 umol PA-YK-NO (P < 0.05, n - 1 2). 
Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; 
TCP, tissue culture plate. 



■ Control (TCP) 

□ 16.25 jimol PA-YK-NO 

□ 32.5 jimol PA-YK-NO 

□ 65 jimol PA-YK-NO 

□ 130 jimol PA-YK-NO 



M3 



■ Control (TCP) 

□ 16.25 jimol PA-YK-NO 

□ 32.5 jimol PA-YK-NO 

□ 65 jimol PA-YK-NO 
0130 jimol PA-YK-NO 



mm 
M. 



Figure 5 Gene expression profile for insulin (ins/) over 3 days. 
Notes: Each value is expressed as the mean + standard deviation relative to TCP 
(black bar). Significant gene expression was found compared with 5 TCP control, 
+ 16.25 umol PA-YK-NO, and # 32.5 umol PA-YK-NO (P < 0.05, n - 12). 
Abbreviations: PA-YK-NO, nitric oxide- re I easing peptide amphiphile nanomatrix; 
TCP, tissue culture plate. 



Figure 7 Gene expression profile for insulin (tnsl) over 7 days. 
Notes: Each value is expressed as the mean ± standard deviation relative to TCP 
(black bar). Significant gene expression was found compared with §TCP control, 
*65 umol PA-YK-NO, and # 1 30 umol PA-YK-NO (P < 0.05, n - 1 2). 
Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; 
TCP, tissue culture plate. 
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130 \imo\ PA-YK-NO 
65 nmol PA-YK-NO 
32.5 nmol PA-YK-NO 
16.25 nmol PA-YK-NO 
Control (TCP) 



o 
o 



o □ 



o 



o 



n 



Cumulative 
insulin functionality 



< Culture times > 3 days 7 days 

PDX-1 gene 

INS-1gene □ ■ ■ 

Insulin functionality 

Figure 8 Schematic summary of the beneficial role of nitric oxide released by the peptide amphiphile nanomatrix on MIN-6 beta cell functionality. 

Notes: It shows that the biomimetic nitric oxide-releasing nanomatrix releases nitric oxide continuously within a physiologically acceptable concentration, leading to an 
improved response to glucose in MIN-6 beta cells. 

Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; TCP, tissue culture plate. 



less responsive to a relatively higher dose of PA-YK-NO 
(130 u.mol) over a prolonged period of time, MIN-6 cells 
cultured on 32.5 umol and 65 jimol PA-YK-NO over a longer 
period of time could have beneficial effects in terms of insulin- 
related gene expression as well as functionality. 



Overall, this study demonstrated enhanced functionality 
of MIN-6 beta cells in response to NO delivered by an NO- 
releasing peptide amphiphile (PA) molecule that mimics the 
beneficial cellular microenvironment conducive to successful 
islet transplantation. Our findings indicate that PA-YK-NO 




16.25 fimo\ PA-YK-NO 



32.5 jimol PA-YK-NO 



65 umol PA-YK-NO 



130 umol PA-YK-NO 



Figure 9 Effect of the nitric oxide-releasing peptide amphiphile nanomatrices on apoptosis in MIN-6 cells. 

Notes: Each percentage of the caspase 3/7 activity is compared with TCP serving as the control (dashed line), fp < 0.05 compared with day 3 control, 5 P < 0.05 compared 
with day 7 control (n = 3). 

Abbreviations: PA-YK-NO, nitric oxide-releasing peptide amphiphile nanomatrix; TCP, tissue culture plate. 
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can release NO in a sustained manner over time, while promot- 
ing cell adhesion onto the extracellular matrix mimetic surface 
of the PA-YK-NO. This mechanism potentially has a dual 
effect as indicated by the fact the nanofibrous matrix could 
be utilized to both enhance islet functionality and improve 
islet engraftment by promoting NO-mediated angiogenesis 
post transplantation, thus enhancing islet survival. 35,36 NO 
is responsible for increasing endothelial cell proliferation, 
inhibiting apoptosis, and stimulating endothelial cell migra- 
tion, thereby inducing the revascularization essential for 
successful islet transplantation. 37 

Conclusion 

Based on recent findings regarding the beneficial role of 
NO, the aim of this study was to investigate the effect of 
biomimetic NO donors, which not only provide the native 
beta cell microenvironment through laminin- 1 mimetic pep- 
tides but also release NO in a controlled manner over time. 
Nitric oxide-releasing PA nanomatrices showed a beneficial 
effect on glucose-stimulated insulin secretion, implying that 
this NO-producing scaffold could be utilized for improving 
pancreatic islet transplantation. Specifically, this study shows 
that there is a specific range of NO concentration that has 
a beneficial effect (Figure 8). Creating a biomimetic NO- 
releasing scaffold that releases NO continuously within a 
physiologically acceptable concentration range resulted in an 
improved response to glucose in MIN-6 beta cells. It was dem- 
onstrated that sustained release of NO by PA-YK-NO between 
32.5 iimol and 65 lomol upregulates both PDX-1 and insulin 
gene expression, leading to improved functional responses of 
MIN-6 cells to glucose (22 mM). These findings are thought 
to be due to sustained release of NO because a similar level of 
apoptosis was observed between PA-YK-NOs, implying that 
the cell viability and survival rate were comparable with that 
of the control (Figure 9). In conclusion, sustained NO release 
at low concentrations from NO-releasing PA nanomatrices 
increases MIN-6 functionality, implying that NO has a mul- 
tifaceted concentration-dependent effect on beta cells. Thus, 
the NO-releasing PA nanomatrix is a potential biomaterial for 
pancreatic islet transplantation, which is presently limited by 
technical problems such as angiogenesis and cell death. 
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